Abstract Current cervical cancer screening programs are changing due to the development of tests that detect the presence of human papillomavirus (HPV), the cause of cervical cancer. These tests are more sensitive than cytology-based methods for detecting cervical precancer and a negative test offers long-term assurance that cervical cancer will not develop and therefore longer screening intervals can be achieved. In screening programs, HPV-based tests have been approved to triage women with equivocal cytology results and as a primary testing method in conjunction with cytology. HPV-based tests also have a role in determining risk of recurrence after treatment for cervical precancer as well as in surveillance for vaccine-related changes in HPV genotype prevalence.
Introduction
Since the implementation of cytology-based screening programs, or Pap tests, several decades ago, the incidence and mortality of cervical cancer has been declining in developed countries, such as the United States [1] . However, the identification of human papillomaviruses (HPV) as the necessary cause of cervical cancer has changed the paradigm of cervical cancer prevention. For primary prevention, two vaccines that protect against infection by two carcinogenic HPV types (HPV16 and 18) have been approved for use by the Food and Drug Administration (FDA). For secondary prevention, HPV-based tests can identify women at risk for cervical cancer and its precursors and are being incorporated into current screening programs.
Although more than 100 HPV types have been identified to date, only approximately a dozen have been classified as carcinogenic (Group 1) by the International Agency for the Research on Cancer (IARC) [2] . These types include HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58 , and 59. HPV68 is considered probably carcinogenic (Group 2A) and an additional 12 HPV types are classified as possibly carcinogenic (Group 2B; includes HPV26, 30, 34, 53, 66, 67, 69, 70, 73, 82, 85 , and 97). Other HPV types are considered low-risk (LR) and are not related to cancer; however, HPV6 and 11 are associated with~90 % of genital warts.
In recent years, a variety of tests have been developed to detect the presence of HPV in cervical samples. These tests are more sensitive than cytology-based methods for identifying women with high-grade cervical disease and have several roles in current and future cervical cancer prevention programs that will be discussed in this review ( Figure 1 ).
Natural History of HPV Infections and Cervical Carcinogenesis
Most sexually active women are infected with HPV at least once in their lifetime; however, because most of these women clear the infection, cervical precancers and cancers rarely develop. Infections with multiple HPV genotypes are common, especially among young women [3] . Approximately half of incident infections are undetectable within a year and more than 90 % are undetectable after 3 years [4] . The rate of clearance is highest in the first few months following an infection and diminishes over time [5] . Although persistent infections are uncommon, they carry the highest risk of progressing to cancer. Data from large cohort studies have demonstrated that incident infections at older age are not associated with higher risk of persistence or progression compared with incident infections that occur at younger ages [4, 6] .
The prevalence of HPV infections peak a few years after the onset of sexual activity and continue to decrease over time [7, 8] . In the United States, this corresponds to the highest prevalence of HPV infections in the early 20s. If the infection persists, cervical precancer (cervical intraepithelial neoplasia grade 3 (CIN3)) develops during the next decade, with peak incidence of CIN3 occurring in the mid-20s to 30s. Finally, if left untreated, CIN3 can become invasive carcinoma. This transition takes several decades with the average age of cervical cancer diagnosis in the mid-to late40s. These progression timelines are similar across populations but may shift based on the average of age at sexual debut. In few places, mainly Africa and Asia, different prevalence age curves have been observed, characterized by high HPV prevalence in older women compared with other places [9, 10] . The reasons for the different patterns of HPV prevalence in these populations are unknown.
Numerous studies of the prevalence of HPV types across the world have identified HPV16 as the most prevalent type in cervical cancers [11] . A cohort study from Costa Rica showed that among women with persistent infection, HPV16 was more likely to progress compared to other types [8] . The second most common HPV type in cancers worldwide is HPV18; this type is found in a higher proportion of adenocarcinomas compared to squamous cancers. Other carcinogenic types have a lower prevalence but still contribute to the overall cervical cancer burden, albeit to lesser degrees.
Assays to Detect HPV
Numerous HPV-based assays are commercially available; a summary of widely available tests is shown in Table 1 . Importantly, not all of these tests have been clinically validated, and only a minority have been approved by the FDA. Some assays test for the presence of a pool of carcinogenic HPV types, whereas others provide information on individual genotypes.
HPV DNA Assays HPV DNA assays can be divided into the following subgroups: 1) assays that test for the presence of carcinogenic HPV types without providing individual genotyping information; 2) assays that provide genotyping information for few important carcinogenic HPV types, mostly HPV16 and HPV18 (either alone or in conjunction with a test for the presence of carcinogenic HPV); and 3) assays for genotyping a large number of HPV types simultaneously. Because there is currently no clinical benefit of individual genotyping beyond the most important carcinogenic types HPV16 and HPV18, only the first two types of tests are used in screening programs. Tests providing extended genotyping information are primarily used in research or surveillance studies.
The most commonly used HPV DNA assay worldwide is the Hybrid Capture 2 (HC2) HPV DNA Test (QIAGEN), which is a hybridization-based assay that detects 13 carcinogenic HPV types and HPV66; however, cross-reaction with noncarcinogenic HPV types has been described [12] . HC2 was approved in 1999 by the FDA for the triage of women with atypical squamous cells of undetermined significance (ASC-US) cytology to determine which women should be referred to colposcopy and in 2003 for primary screening in conjunction with cytology. Many cohort, cross-sectional, and randomized controlled trials have evaluated HC2 for the detection of cervical precancer and have been summarized in several meta-analyses [13•, 14-18] . The most recent metaanalysis describing the cross-sectional accuracy of HC2 report an overall sensitivity of 90 % for the detection of CIN2+ and 95 % for CIN3+, with significant heterogeneity in the estimates from developing countries, but not in industrialized countries and China [13•] . The heterogeneity observed in studies from developing countries may be due to limitations in colposcopy performance and histology verification [14] . The corresponding specificity of HC2 for the detection of CIN2+ was reported as 88 % [13•] . Another widely evaluated Fig. 1 The roles for HPV testing in cervical cancer prevention. In the primary prevention of cervical cancer, HPV tests are used to monitor vaccine efficacy and changes in genotype prevalence in vaccinated populations. In secondary prevention, HPV tests are used alone or in conjunction with cytology for screening. HPV tests also are used to determine who is referred to colposcopy by triaging equivocal cytology diagnoses or HPV-positive women. Finally, HPV tests are important to evaluate risk of recurrence after treatment for cervical precancer HPV DNA test is the GP5+/6+−EIA assay, which is PCRbased, using consensus primers to detect the presence of 13 carcinogenic HPV types and HPV66. The cutoff for positivity for this assay was chosen to provide similar sensitivity and specificity to HC2. Based on the extensive evaluation of these two assays in cervical cancer prevention, minimal criteria for analytic and clinical evaluation of HPV assays have been proposed [18] . According to the recommendations, newly developed assays should reach at least 90 % of the sensitivity and 98 % of the specificity of HC2 or EIA to be considered for use in cervical cancer screening programs.
The careHPV Test (QIAGEN) is a hybridization assay based on HC2 that is low cost and does not require extensive training or complex laboratory equipment to run, making it an attractive testing method for HPV in rural or lowresource settings. Furthermore, results from this test can be obtained in a short time (approximately 2 hours), allowing for the potential to treat HPV positive women in the same visit, also known as "screen and treat." This assay was validated in a cross-sectional study from rural China that showed a sensitivity of 90 % and specificity of 84 % for the detection of CIN2+ [19] .
A subset of HPV assays also provide genotyping information and can be divided into two subgroups: 1) concurrent genotyping assays, i.e., genotyping data is obtained at the same time as the qualitative result; and 2) reflex Cervista was approved by the FDA in 2009 for 1) the triage of women with ASC-US cytology and 2) determining the presence of carcinogenic HPV types in conjunction with cytology in women older than age 30 years. In a large multicenter, prospective evaluation of women with ASC-US cytology, the sensitivity and specificity of Cervista for the detection of CIN2+ were 93 % and 44 %, respectively [20] . Although the sensitivity increased to 100 % for the detection of CIN3+, the specificity remained similar at 43 %. Furthermore data from a large cross-sectional study in China showed that, compared with HC2, Cervista had similar sensitivity but increased specificity for the detection of CIN3+ (relative specificity=1.03 [95 % confidence interval (CI) 1.02-1.04]) [13•, 21] .
The COBAS 4800 HPV Test was approved by the FDA in 2011 for the following uses: 1) to triage women older than age 21 years with ASC-US cytology; 2) determine the presence of HPV16 and 18 in women older than age 21 years with ASC-US cytology; 3) in conjunction with cytology for primary screening in women older than age 30 years; and 4) determining the presence of HPV16 and 18 in women older than age 30 years. The clinical validation of the COBAS was done through the ATHENA (Addressing THE Need for Advanced HPV Diagnostics) trial and a large European study, both of which focused on the triage of women with ASC-US cytology [22•, 23-25] . These studies showed that, compared with cytology, COBAS was more sensitive (relative sensitivity=1.77 [1.55-1.89]) and just as specific (relative specificity = 0.97 [0.97-0.97]) for the detection of CIN2+ [13•] . Furthermore, the performance of COBAS is similar to that of HC2 (relative sensitivity and specificity of 0.98 and 1.00, respectively) [13•] .
HPV RNA Assays
Of the proteins expressed during the life cycle of an HPV infection, the E6 and E7 proteins are the most critical for the development of cancer; overexpression of these proteins leads to the inactivation of p53 and retinoblastoma, resulting in malignant transformation [26] . Because expression of these proteins is required for carcinogenesis, they make for potentially useful biomarkers of infections that are likely to be associated with cervical cancer or precancer. Furthermore, because E6 and E7 are expressed at higher levels in transforming infections compared with transient infections that will clear spontaneously, determining E6/E7 expression may provide a way to identify clinically relevant HPV infections. Two tests are available to detect mRNA levels of E6/E7: the APTIMA (GenProbe) and the PreTect HPVproofer (Norchip).
The APTIMA HPV Assay detects E6/E7 mRNA from 14 HPV genotypes (13 carcinogenic and HPV66) but does not distinguish between the types. In 2011 the FDA approved the APTIMA for: 1) the triage of women older than age 21 years with ASC-US cytology; and 2) screening of women 30 years of age and older in conjunction with cytology. Several studies have compared the APTIMA to HC2 and cytology-based tests for both primary cervical cancer screening as well as triage of ASC-US or LSIL [27] [28] [29] [30] [31] [32] [33] [34] .
Results from these studies have been summarized in a number of meta-analyses [13•, 35, 36] , each of which suggest that APTIMA has an increased sensitivity, but similar specificity to that of cytology for the detection of CIN2+. Compared with HC2, APTIMA has similar sensitivity but increased specificity for both the triage of ASC-US (relative sensitivity=1. 19 The PreTect HPV-proofer assay only detects E6/E7 mRNA from five carcinogenic HPV types (HPV16, 18, 31, 33, and 45) and has not been approved by the FDA for use in cervical cancer screening. However, many studies have evaluated the assay for triage of women with ASC-US or LSIL [31, [37] [38] [39] [40] . A recent meta-analysis showed that compared with HC2, the PreTect HPV-proofer assay has a significantly lower sensitivity for the detection of CIN2+ in the triage of women with ASC-US or LSIL (relative sensitivity=0.79; 95 % CI 0.71-0.88) and 0.75 (95 % CI 0.67-0.84), respectively [13•] . This lower sensitivity has been, in part, attributed to the fact that the assay only detects a small subset of carcinogenic HPV types [41, 42] . In contrast, the PreTect HPV-proofer assay has a much higher specificity compared to HC2 for the triage of ASC-US (relative specificity=1. 76 
HPV Protein Assays
In addition to tests for E6/E7 mRNA, assays are available to detect protein levels in cervical specimens. A pilot study for a lateral flow assay to detect E6 expression (OncoE6, Arbor Vita Corporation) showed that expression of E6 from HPV16, 18, and/or 45 may be more specific for the detection of CIN3+ compared with HPV-DNA tests [43] . Clinical validation of this assay is ongoing in a population-based study in Shanxi, China, and preliminary results suggest that the OncoE6 has better specificity than HC2 (98.9 % vs. 86.8 %, respectively) but lower sensitivity (67.3 % vs. 98 %, respectively) for the detection of CIN3+ [44] . Given the increased specificity, the assay may be a useful tool in the triage of HPV-positive women. In addition, due to the limited laboratory equipment needed for the assay, it may have applications in low-resource settings.
Loss of the expression of L1, a capsid protein also has been suggested as a marker of progressive lesions [45, 46] , and although a test is commercially available to detect the presence of L1 from a number of HPV types (Cytoactiv, Cytoimmun Diagnostics), the clinical utility of this test remains to be determined.
Evidence for HPV Testing

Triage of Abnormal Cytology
The first use of HPV testing was in the triage of ASC-US cytology to determine which women should be referred to colposcopy and in 1999, the FDA approved HC2 for this application. A recent meta-analysis of the accuracy of HC2 reported an overall sensitivity of 90 % and specificity of 58 % for the detection of CIN2+ among women with ASC-US [13•] . The overall sensitivity and specificity for CIN3+ was 94 % and 52 %, respectively, in the same population of women. In the triage of women with LSIL, HC2 had similarly high sensitivity for CIN2+ or CIN3+ (95 % and 96 %, respectively) but lower specificity (28 % and 24 %, respectively). Compared with HC2, other HPV-based tests have similar sensitivity and, with the exception of a few tests, similar specificity for the detection of CIN2+ among women with ASC-US or LSIL [13•] . Significantly increased specificity, compared with HC2, was seen for APTIMA, Cervista and Papillocheck in the triage of ASC-US and APTIMA and PreTect HPV-Proofer for the triage of women with LSIL [13•].
Primary Screening
As previously discussed, results from a large number of cross-sectional studies have shown a high sensitivity of HPV-based tests for the detection of cervical cancer and precancer. This has led to a number of randomized, controlled trials worldwide comparing HPV DNA testing (predominately HC2) with cytology for the detection, and prevention, of cervical cancer and precancer [47-50, The screening trial conducted in India did not involve multiple visits but did follow participants passively through their cancer registry [55••] . In the HPV screening arm, which was a "screen and treat" modality, a decrease in the incidence of advanced stage (stage II+) cervical cancer (hazard ratio (HR)=0.47 [0.35-0.63]) was observed that was not seen in either the visual inspection or cytology arm. Furthermore, HPV DNA screening led to a decrease in mortality from cervical cancer (HR=0.52 [0.33-0.83] ). This suggests that even a once-in-a-lifetime screen with HPV can help to reduce the burden of cervical cancer in areas where repeat visits are more difficult to sustain.
The vast majority of studies evaluating HPV tests as a primary screening tool for cervical cancer have used HC2 or EIA, and thus data on other HPV-based tests for uses outside of triage are limited. In addition, these studies have focused on physician-collected samples. Results from the Netherlands suggest that HPV test results (using GP5+/6+ EIA) from self-collected samples are similar to those from physician-collected samples, suggesting self-collected samples may provide an alternative specimen for HPV testing [56] . This could have important implications for screening in rural or low-resource settings.
Triage of HPV-Positive Women Using Genotyping
Given the limited specificity of HPV assays for use in large population-based screening programs, a secondary triage test is needed to identify clinically relevant HPV infections. The main evidence for using HPV genotyping as a triage for HPV-positive women comes from the ATHENA trial where different triage options for HPV positive were compared, including genotyping and cytology [22•] . Although limited at this time, these data suggest that genotyping may offer better risk stratification for HPV-positive women than cytology.
Currently, most of the genotyping assays that are available provide information only for HPV16 and 18. The benefit of genotyping for other HR-HPV types is still somewhat unclear. Evidence to date from U.S. studies suggests that it is not likely to be clinically useful [25, 57, 58] ; however, reports from a Danish cohort study suggest that HPV31 and 33 may have similar absolute risks for progressing to cervical cancer as those for HPV18 [59] [60] [61] .
Follow-Up After Treatment
Typical treatment for cervical precancer is loop electrosurgical excision procedure (LEEP) of the transformation zone, often leading to the causal HPV type being undetectable in cervical specimens after treatment. Although cytologybased methods have historically been used to determine if a woman has residual or recurrent disease, HPV testing may provide a better way to monitor risk of recurrence following treatment. Women who are HPV-positive after LEEP are at increased risk of recurrent disease, whereas a negative HPV test is highly predictive of curative treatment [62, 63] . A recent meta-analysis of the test performance of HPV-based tests following treatment for cervical precancer showed that, compared with cytology, HPV DNA tests have a significantly higher sensitivity for the detection of recurrent CIN2+ (72 % vs. 93 %, respectively) without a considerable difference in specificity (84 % vs. 81 %, respectively) [13•] . Furthermore, combining cytology and HPV testing did not lead to improved sensitivity but decreased the specificity. Therefore, HPV testing may be a viable option to replace cytology-based methods for this clinical application.
Current Recommendations for the Use of HPV Testing in Cervical Cancer Screening Programs
In March 2012, the United States Preventative Services Task Force (USPSTF) and a multidisciplinary partnership between the American Cancer Society, American Society for Colposcopy and Cervical Pathology and the American Society for Clinical Pathology (ACS/ASCCP/ASCP) published revised cervical cancer screening guidelines [64, 65] . Recommendations from both groups are very similar and are summarized in Table 2 . Both groups do not recommend screening women younger than age 21 years. From age 21-29 years, women should be screened only with Pap testing every 3 years. Beginning at the age 30 years until 65 years, women can either continue to receive Pap tests without HPV testing every 3 years or can receive a Pap test in conjunction with an HPV test every 5 years (the preferred option according to the ACS/ASCCP/ASCP screening guidelines). Screening should not continue after age 65 years with sufficient prior negative screening results or after a hysterectomy. Because the HPV vaccine does not protect against infection by all carcinogenic HPV types, because women may have been vaccinated after exposure to HPV, and because coverage is currently low in the United States, women who have been vaccinated are recommended to follow the same guidelines as women in their age group who have not been vaccinated.
The Future of HPV Testing in Cervical Cancer Prevention
Co-Testing vs. HPV Alone
Evidence from large trials and observational studies suggest that there is limited clinical benefit of adding cytology to HPV testing in primary cervical cancer screening. Pooled analyses of data from the randomized, controlled trials that included a co-testing arm (HPV testing and cytology) showed that the addition of cytology did not significantly increase the sensitivity for detecting either CIN2+ or CIN3+ over that of HPV testing alone [13•] . Consequently, a negative HPV test predicts a very low risk of developing into cervical precancer over the next years, similar to the risk in women with a negative co-test [66, 67••] . Accordingly and in contrast to the United States, the Netherlands have implemented HPV testing as a primary test, using cytology as a triage test for HPV-positive women [68] .
Triage of HPV-Positive Women
Currently, two options have been recommended for the triage of HPV-positive women: cytology and HPV genotyping. Other markers that have been studied and show promise for potential triage tests include p16 cytology [69] and DNA methylation (viral [70•, 71-73] and host [74, 75] ). Many other markers have been proposed as specific markers for cervical precancer, but clinical data are very limited [76] . Future studies are needed to compare HPV genotyping, cytology, and other triage options to evaluate which tests are clinically useful. HPV types. The bivalent vaccine protects against infection by HPV16 and HPV18, whereas the quadrivalent vaccine also includes HPV6 and HPV11, which cause 90 % of genital warts. Vaccination has been proven to be effective against infection by the types included in the vaccine [77] . There is some evidence of cross-protection against types not included in the vaccine; however, the extent of this protection is currently unclear and may differ between the vaccine types [78] . This is particularly important, because although HPV16 and HPV18 account for a large fraction (70 %) of all cervical cancer cases, there remain many cancers caused by other types. Current recommendations for cervical cancer screening are not different for vaccinated and unvaccinated women; however, this could change in the future. Accumulating data suggest that HPV16-related cervical precancer and cancer occurs at younger ages than non-HPV16-related disease [79] [80] [81] . As vaccination becomes more common and HPV16 prevalence decreases in the population, it may become possible to begin cervical cancer screening at an older age than is currently recommended. Continued research is needed to evaluate the risks and benefits of changing the screening age of women once they are vaccinated. HPV-based tests will be important to evaluate the efficacy of vaccination programs. Histology and cytology-based outcomes are subject to interobserver variability and can take decades to develop if CIN3 or cancer are considered as outcomes. Using HPV tests to monitor the prevalence of vaccine-related types offers a surrogate measure of the efficacy of a vaccine program. Furthermore, a decrease in the prevalence of HPV16 and 18 should be noticeable much earlier than disease endpoints. Registries, such as the New Mexico Pap Registry, which was developed as an effort to monitor the impact of HPV vaccine uptake and changes in cervical cancer screening behaviors over time, will be vitally important for monitoring vaccine efficacy and potential type-replacement as vaccination coverage increases [82] .
Conclusions
HPV-based tests offer a more sensitive way to identify women with high-grade cervical disease compared with cytology-based methods. This, coupled with the assurance that a negative test offers, make HPV tests an attractive method for cervical cancer screening. The use of HPV assays as a primary screening method requires the use of a triage test to identify women with clinically relevant infections. In the future, HPV testing will continue to be important for surveillance and monitoring vaccine efficacy.
